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Synopsis
OBJECTIVES: The objective of this work was to develop a new
strategy to physically ‘repair’ chemically damaged hair. Hence the
human eye cD-crystallin, a protein from the superfamily character-
ized structurally by the Greek key motif, was studied. The human
cD-crystallin was chosen based on the ability of proteins belonging
to this superfamily to be involved in the coating of specific struc-
tures. Two crystallins were used on the study, the wild type (Pro-
tein Data Bank ID: 1HK0) and the mutant protein. The mutant
form was intended to induce a strong and quick protein polymeri-
zation as well to have new possible points of anchorage to hair.
METHODS: The ability of both crystallins to bind to damaged hair
and even penetrate into its cortex was checked by fluorescence
microscopy, confocal microscopy and scanning electron micros-
copy. Furthermore the reinforcement of hair mechanical resistance,
the potential cytotoxic/inflammatory effect of crystallins were stud-
ied in order to have a fully comprehension about the protein based
formulation.
RESULTS: Although the chemical over-bleaching treatment
induced a decrease of 20% on the resistance of the hair, the crys-
tallins which bind and penetrate the hair fibre were able to recover
and even to improve its mechanical properties when compared to
the virgin hair. Moreover none of the crystallins displayed a toxic
effect in fibroblasts for all the range of tested concentrations upon
72 h of exposure. The active aggregation process of mutant crystal-
lin induced an inflammatory response in fibroblasts in the first
24 h of contact, measured by the amount of released pro-inflam-
matory cytokine IL-6 to the medium. In contrast contact with wild
type crystallin did not lead to significant inflammation.
CONCLUSION: Outcome from protein formulation characterization
supports the hypothesis that the cD-crystallin it is able to recover
and improve the mechanical properties of chemical damaged hair.
Therefore it can be considered as a very promising strengthening
agent for the development of new restorative hair care products.
Resume
OBJECTIFS: L’objectif de ce travail etait de developper une nou-
velle strategie pour physiquement “reparer” les cheveux chimique-
ment endommages. La proteine humaine cD-cristalline, une
proteine de la superfamille caracterisee structurellement par le
motif cle grecque, a ete etudiee. Le cD-cristallin humain a ete choisi
en fonction de la capacite des proteines appartenant a cette super-
famille d’e^tre impliquees dans le reve^tement des structures specifi-
ques. Deux cristallins ont ete utilises dans l’etude, le type sauvage
(Protein Data Bank ID: 1HK0) et la proteine mutante. La forme
mutante etait destinee a induire une polymerisation de la proteine,
forte et rapide ainsi d’avoir de nouveaux points d’ancrage possibles
aux cheveux.
METHODES: La capacite des deux cristallins de se lier aux chev-
eux ab^ımes et me^me de penetrer dans le cortex a ete verifiee par
microscopie a fluorescence, microscopie confocale et la microscopie
electronique a balayage. En outre, le renforcement de la tenue
mecanique des cheveux, l’effet cytotoxique/inflammatoire potentiel
de cristallins ont ete etudies en vue d’avoir une comprehension
complete de la formulation a base de ces proteines.
RESULTATS: Bien que le traitement chimique de sur-blanchiment
induise une diminution de 20% de la resistance des cheveux, les
cristallins qui se lient et penetrent la fibre capillaire ont pu
recuperer et me^me d’ameliorer ses proprietes mecaniques par rap-
port aux cheveux non-traites. Par ailleurs aucun des cristallins
n’affiche d’effet toxique dans les fibroblastes pour toute la gamme
des concentrations testees sur les 72 heures suivant l’exposition.
Le processus d’agregation active du cristallin mutant induit une
reponse inflammatoire dans les fibroblastes dans les premieres 24 he-
ures de contact, mesuree par la quantite de secretion de cytokine pro-
inflammatoire IL-6 dans le milieu. Par contre, le contact avec le type
sauvage de cristallin n’a pas conduit a une inflammation notable.
CONCLUSION: Le resultat des etudes de la caracterisation et de la
formulation de proteines soutient l’hypothese que le cD-cristallin est
capable de recuperer et d’ameliorer les proprietes mecaniques des
cheveux ab^ımes chimiquement. Par consequent, il peut e^tre considere
comme un agent de renforcement tres prometteur pour le developpe-
ment de nouveaux produits de soins capillaires reparateurs.
Introduction
Hair plays a key role in our appearance and reflects our physical
state. Therefore, there is great interest in the development of new
hair care products that facilitate repair and prevent adverse effects
on the capillary structure. Cosmetics to adorn or to change the
appearance of scalp hair are widely used in any society.
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One of the most popular hair treatments is bleaching. Bleaching
lightens the natural hair tone, but it is still more often used to pre-
pare the hair for dyeing [1]. It involves partial or complete decol-
ouring of the existing natural melanin content of the hair. The
oxidation reaction associated with bleaching not only alters mela-
nin but also destroys disulphide bonds within the keratin, which
will weaken the hair fibre. Damage also occurs at the cuticle level
and will make the hair more porous. Following bleaching, hair will
often display a different texture, will break more easily and may be
more susceptible to humidity [2].
To overcome these problems, a conditioner is often used either
in the bleaching solution or after bleaching [3]. Apart from other
functions, conditioners protect the hair fibre from further damage
by forming a thin coating over the hair fibres.
We aimed to develop a new product for protection and repair of
damaged hair by taking advantage of human c-crystallin properties.
The beneficial effects of using protein-rich substances in formula-
tions of various topical applications are recognized by many
authors [4]. Proteins are considered useful ingredients for creating
a suitable environment for healthy skin and hair because of their
ability to bind water with the horny layer of skin and its annexes.
Moreover, their binding properties to skin and hair suggest a poten-
tial role as hair-conditioning agents [5].
Crystallins are the major proteinaceous components in the cyto-
plasm of fibre cells in the lens, a tissue where the biochemical,
thermodynamic and optical properties of its constituent proteins
closely intertwine [6]. A common structural feature within the bc-
crystallin family is a pair of domains containing two tightly packed
Greek key b-sheet motifs [7, 8]. This fold, with additional contribu-
tions from domain interactions, contributes towards an unusually
high thermodynamic stability [9].
The Greek key motif was recognized as a supersecondary struc-
ture by Richardson in 1977. It is composed of four anti-parallel b-
strands with +3, 1 and 1 connectivities. In two-dimensional
graphical representations, the motif resembles and is named after
the repeating unit of a decorative pattern frequently found on
Greek pottery [10]. A distinguishing feature of the Greek key is that
the first and fourth b-strands are at opposite ends of the primary
structure, but are adjacent in the motif. All Greek key domains
invariably comprise a pair of Greek keys [11].
Human cD-crystallin was chosen for the development of protec-
tive thin hair coatings based on the ability of proteins structurally
characterized by the Greek key motif to be involved in the coating
of specific structures, such as the spore coat protein S from Myxo-
coccus xanthus [12].
The aim of this study was to evaluate the potential of cD-crystal-
lin protein as a new strengthening agent for damaged hair. The
ability of cD-crystallin to form thin-layer coatings was exploited as
a protective agent of the integrity of hair as well as a booster of
their mechanical properties directly related to the fibre strength.
A full characterization of the protein-based formulation was pur-
sued through the evaluation of the reinforcement of hair mechanical
resistance, their ability to form a thin coating over the hair fibre and
the study of potential cytotoxic/inflammatory effect of crystallins.
Materials and methods
Materials
Natural Asian black human hair samples were provided by Inter-
national Hair Importers & Products Inc. (Glendale, New York,
U.S.A.). Crystallins, wild type (wt) and mutant (mut), based on the
sequence of human eye crystallin, were synthesized by GenScript
USA Inc. (Piscataway, NJ, U.S.A.). Sequences of both proteins are
presented in Table I. All other reagents used were of analytical
grade and purchased from Sigma-Aldrich, Madrid, Spain.
Methods
Hair treatments
Black Asian Hair fibre samples (0.1 g) were washed before treat-
ment with a classic commercial shampoo (Pantene). The hair sam-
ples were then subjected to eight cycles of bleaching (8xB).
Bleaching consisted of the application of 12% H2O2 (v/v) in the
presence of 0.1 mol L1 Na2CO3/NaHCO3, pH 9.0 buffer at 50°C
for 1 h, in a bath ratio of 1 : 10. Treatments were applied to the
same tresses of hair. Hair samples were then subjected to the treat-
ment with crystallins. Treatments were performed for 1 h at 37°C
with 0.2 mg mL1 of wt and mut crystallins in 50 mmol L1 Tris–
HCl, 150 mmol L1 NaCl, 5% glycerol (v/v), pH 8.0 (protein buf-
fer). Samples incubated in the same buffer of 0.2 mg mL1 bovine
serum albumin (BSA) labelled with FITC were treated as a control.
Subsequently, all samples were thoroughly washed in tap water
with a commercial shampoo.
FITC linkage to crystallins
To enable the study of crystallin incorporation/adhesion onto over-
bleached hair as well as the formation of a film on the surface of
the hair shafts, fluorescein 5(6)-isothiocyanate (FITC) was linked to
the test proteins. A volume of 2 mL of 1.5 mg mL1 of crystallin
protein (wt and mut) in 50 mmol L1 Tris–HCl, 150 mmol L1
NaCl, 5% glycerol, pH 8.0 buffer was incubated with 100 lL of a
1 g L1 FITC solution at 4°C. Unbound FITC was separated from
the conjugate by passing the mixture through a desalting column
PD10. The ratio of fluorescence to protein (Molar F/P = 0.51) was
calculated in order to determine labelling efficiency. The estimated
value was within the ideal limits (0.3–1.0), indicating efficient
labelling.
Labelled crystallins were used in the treatment of overbleached
black Asian hair as described earlier.
Table I Wild-type crystallin and mutant crystallin sequences. Characters in
bold correspond to the replacement of arginine residues by cysteines in the
mutant form
Sequence Mw (Da)
Crystallin wt MHHHHHHMGKITLYEDRGFQGRHYECSS
DHPNLQPYLSRCNSARVDSGCWMLYEQPN
YSGLQYFLRRGDYADHQQWMGLSDSVRS
CRLIPHSGSHRIRLYEREDYRGQMIEFTEDC
SCLQDRFRFNEIHSLNVLEGSWVLYELSNY
RGRQYLLMPGDYRRYQDWGATNARVGSL
RRVIDFS
21 692.0
Crystallin mut MHHHHHHMGKITLYEDRGFQGCHYECSS
DHPNLQPYLSRCNSACVDSGCWMLYEQPN
YSGLQYFLRRGDYADHQQWMGLSDSVRS
CCLIPHSGSHRIRLYEREDYRGQMIEFTEDC
SCLQDRFRFNEIHSLNVLEGSWVLYELSNY
RGRQYLLMPGDYRRYQDWGATNARVGSL
RRVIDFS
21 533.0
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Fluorescence microscopy
Transversal cuts of hair fibre samples were analysed by fluores-
cence microscopy. Fibre transversal cuts (15 lm) of hair fibres
embedded in an epoxy resin were prepared using a microtome
(Microtome Leitz, Oberkochen, Germany). Cross-sections were anal-
ysed using LEICA DM 500B fluorescence microscope (Leica, Berlin,
Germany). All images were recorded using similar filter, exposure,
brightness and gain settings.
Confocal microscopy
Samples of hair fibres were imaged using a laser scanning confocal
microscope (Olympus FluoView 1000 equipped with a UPlansApo
606objective in 1.4 oil immersion objective, Tokyo, Japan). Hair
fibres treated with fluorophore-labelled crystallins were excited using
a 488-nm argon laser (515- to 540-nm emission collected). 3D
reconstructions were made using the IMARIS 7.6 – BITPLANE soft-
ware (Zurich, Switzerland).
Scanning electron microscopy
Hair fibres were taken randomly from the hair tress and mounted
onto aluminium stubs using conductive carbon adhesive tape. Hair
samples were coated with 80% Au and 20% Pd before SEM (NOVA
NanoSEM 200 FEI, Eindhoven, the Netherlands) observation at
5.0 kV.
Mechanical properties
The effect of crystallins on overbleached hair was assessed by the
differences in mechanical properties following guidelines outlined
in ASTM D1145-95 for fibre tensile testing. For this test, a set of
hair fibres with low variability in diameter was selected using a
light microscope. The measurements were performed using an In-
stron 4505 tensile tester with a load cell capacity of 2.5 N. For
each measurement, 30 single hair fibres were randomly taken
from the tress. Each hair was individually mounted in the tensile
jig by means of a paper template with a fixed gauge length of
20 mm. Before the tensile test, the paper template was cut across.
Measurements were performed under controlled conditions
(20  0.8°C; 62  6% humidity) at a rate of 1.5 mm min1
until breakage. For each hair, records of applied load against
extension were taken and, using an average mean diameter of
70 lm, data were converted to stress (load/unit area) against
strain (% extension). All measurements were made in the middle
part of the hair fibre.
Cytotoxicity evaluation
Culture of human skin fibroblast cell line (BJ-5ta)
BJ-5ta cell line was used as model of general cytotoxicity. The BJ-
5ta cell line (normal human skin fibroblasts immortalized by over-
expression of telomerase) was maintained according to ATCC rec-
ommendations (four parts of Dulbecco’s modified Eagle’s medium
(DMEM) containing 4 mmol L1 L-glutamine, 4.5 g L1 glucose,
1.5 g L1 sodium bicarbonate and 1 part of Medium 199, supple-
mented with 10% (v/v) of foetal bovine serum (FBS), 1% (v/v) of
penicillin/streptomycin solution and 10 lg ml1 hygromycin B).
The cells were maintained at 37°C in a humidified atmosphere
with 5% CO2. Culture medium was replaced every 2 days.
MTT assay
The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay is widely used to measure the toxicity of different
substances in cell cultures. MTT enters the cells by endocytosis and
is reduced to formazan by NADH reductase and other enzymes,
which can be measured spectrophotometrically. The amount of for-
mazan reflects the reductive potential of the cytoplasm and the cell
viability [13].
Cells were seeded at a previously optimized density of
80 000 cells per well on a 24-well tissue culture polystyrene
(TCPS) plates (TPP, Trasadingen, Switzerland) the day before exper-
iments. They were then exposed to three concentrations of each
crystallin – 0.1, 0.2 and 0.4 mg mL1 – and three concentrations
(v/v) of 50 mmol L1. Tris–HCl, 150 mmol L1 NaCl, 5% glycerol,
pH 8.0 buffer – 6.6%, 13.2% and 26.4%. Cells were incubated at
37°C in a humidified atmosphere with 5% CO2. At the end of 24,
48 and 72 h of contact, cell metabolic activity was assessed using
MTT viability assay.
Aqueous MTT solution was added to each well (50 lL), and the
mixture was incubated at 37°C for 2 h. The MTT solution was
carefully decanted, and formazan was extracted from the cells with
500 lL of a DMSO–EtOH [1 : 1 (v/v)] mixture in each well. Colour
was measured with a 96-well ELISA plate reader at 550 nm, with
the reference filter set to 620 nm in a microplate reader (Spectra-
max 340PC, Molecular Devices, Sunnyvale, CA, U.S.A.). All MTT
assays were repeated independently three times.
Evaluation of the inflammatory effect of crystallins – ELISA
The evaluation of potential pro-inflammatory activity of both wt
and mut crystallins was performed using BJ-5ta cell line as in vitro
cellular model. Cells were seeded at a density of 430 000 cells per
well on a six-well TCPS plate (TPP) 2 days before experiments and
then exposed to 0.2 mg mL1 of each crystallin in 50 mmol L1
Tris–HCl pH 8 buffer with 150 mmol L1 NaCl and 5% glycerol.
After 24 and 48 h of incubation, cell culture supernatants were
collected and quantitative determination of the pro-inflammatory
cytokine IL-6 was performed by sandwich ELISA according to the
manufacturer’s instructions (MabTech, Stockholm, Sweden). All
assays were carried out in duplicate.
Statistical analysis
Data are presented as average standard deviation (SD), n = 3. Sta-
tistical comparisons were performed by one-way ANOVA with
GraphPad Prism 4.0 software (La Jolla, CA, U.S.A.). Tukey’s post-
hoc test was used to compare all the results between them, and a
Dunnet’s test was used to compare the results with a specific con-
trol. A P-value of < 0.05 was considered to be statistically signifi-
cant.
Results and discussion
The demand for products that improve the look and feel of hair has
created a massive and high rentable industry based on the develop-
ment of several strategies and application products for its care.
Beauty care technology has advanced the cleaning, protection and
restoration of desirable and specific hair properties by altering the
hair fibre surface.
Although products and processes such as combing, chemical
dyeing and permanent wave treatment are used to enhance
appearance and hair styling, they also contribute greatly to
© 2013 John Wiley & Sons Ltd 3
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chemical and mechanical damage to the fibres, which leads to deg-
radation of structural and mechanical properties. As a result, the
fibres become weak and more susceptible to breakage with time,
which is incompatible with healthy hair [14]. There is a high focus
in the development of new products, as novel applications or as
part of the composition of shampoos and conditioners. The strategy
here presented takes advantage of the potential ability of cD-crys-
tallin to form a coat surrounding the hair fibres in a way that it
will act as a ‘protective shell’ from damage and will improve the
fibre mechanical performance. To fully exploit the cD-crystallin pro-
tein as a new hair care product, overbleached damaged hair was
used in the study.
It is known that, during cataract development, insoluble aggre-
gates of crystallins accumulate in the lens as amyloid fibrils and
lead to light scattering and loss of lens clarity [15]. Protein precipi-
tation and aggregation might occur by changes in the properties of
crystallins driven by point mutations or age-related post-transla-
tional modifications [16]. Thus, two crystallins were used in the
study. The wild type displays the same sequence as the human eye
cD-crystallin, whereas the mutant results from site-directed muta-
genesis of the wt form by substitution of three arginine residues (R)
at positions 14, 36 and 79 by cysteine residues (C).
Resembling already described mutant crystallins and other amy-
loid-forming proteins [17], three exposed arginines pointing
towards three ‘cardinal’ positions were chosen as targets for direct
mutagenesis. Cysteines are known to form covalent inner polypep-
tidic crosslinks giving stability to globular proteins. The presence of
cysteines might induce a interunit crosslink in a network of mutant
crystallins. This would also create possible points of anchorage to
hair keratins that are naturally rich in cysteine residues. Thus, the
mutant crystallin, with three additional cysteines (ARG15CYS,
ARG37CYS and ARG80CYS) on its sequence, was used in order to
fully exploit these possibilities.
In Fig. 1 is depicted the structure of the wt crystallin where the
position of the three mutated arginines are highlighted in colour.
Crystalline binding to overbleached hair
When developing a new formulation for hair care, firstly the pro-
tein’s ability to bind the hair fibre must be studied. This is crucial
and ultimately will determine the formulation success. After the
hair treatments, roughly bound crystallins were washed off, and
the remaining tightly bound proteins (at the hair surface and/or
cortex) were visualized. Figure 2 shows the high-magnification
SEM images of virgin, overbleached and treated Asian hair.
Although the SEM images do not supply any information about
the amount of protein attached to the fibres, they provide a first
clue about the ability of the proteins to bind hair. Comparing the
micrographs of virgin hair (A and B) with the micrographs of the
hair treated with wt crystallin (E and F) and mut crystallin (G and
H), a thin film seems to form on the top of the hair fibres.
There are differences in the deposition pattern between the wt and
mut crystallins. Although wt crystallin tends to deposit uniformly on
the hair fibre, flattening the cuticle scales against each other, the
deposition of mut crystallin resembles the deposition pattern of condi-
tioners [14]. It is also possible to distinguish small protein aggregates
formed close to the cuticle edges, most likely because of some degree
of precipitation promoted by inherent protein structure instability
and self-aggregation capacity of the mutant form.
Also the SEM images (C and D) demonstrate that bleaching
results in hair cuticle damage, with the appearance of cracks and
cuticle lifting.
The observation of SEM micrographs confirmed the ability of
both crystallins to bind hair fibres. To fully exploit the degree of
attachment and to evaluate whether the proteins deposit superfi-
cially or penetrate into the inner layers of the hair, the crystallins
were labelled with FITC. In order to understand whether the Greek
key motif is somehow essential for the ability of crystallins to bind,
FITC-labelled globular protein BSA was used as a control, as it does
not display the motif on its structure.
Figure 3 shows images of transversal cut hair fibres for unal-
tered human Asian hair (A), overbleached hair treated with BSA
(B), overbleached hair treated with wt crystallin (C) and over-
bleached hair treated with mut crystallin (D). Although there are
no significant differences in the intensity of the layer around the
hair cuticle in overbleached hair treated with the wt crystallin and
the mut crystallin, the layer on the wild-type form is thicker and
more defined compared with the one formed by the mutant form.
A strong increment in fluorescence is evident in both treatments
when compared with virgin hair. The fluorescence images con-
firmed the deposition of labelled crystallins on hair. Moreover, it is
evident that the two proteins are able to penetrate into the inner
layers of the fibres.
Based on the higher number of cysteine residues of BSA (35) when
compared with wt (6) and mut (9) crystallins, it was expected BSA
would bind to the hair fibres more strongly than the two crystallins;
however, the fluorescence images indicate the opposite.
The isoelectric point of human hair has been reported to be
approximately 3.7 [18], indicating that hair possesses a net neg-
ative charge under most hair treatment conditions. Although
none of the proteins present a net positive charge at pH 8.0,
ideal in hair adsorption mechanisms guided by electrostatic inter-
actions, BSA with a pI of 5.99 is the system with a higher de-
protonation state and thus with a higher net negative charge
resulting in repulsive forces between the protein and the hair
fibre. Although both wt crystallin (pI = 7.19) and the mut crys-
tallin (pI = 6.44) present a net negative charge at pH 8.0, they
are not fully deprotonated and thus can adsorb to the hair fibre
through electrostatic interactions. Other peptide-based treatments
developed by our group revealed the ability to bind to and even
penetrate hair fibres, despite the peptide’s net negative charge
[19, 20].
Figure 1 Schematic ribbon diagram depicting the overall structure of
human cD-crystallin (Protein Data Bank ID: 1HK0); the three arginine resi-
dues that were mutated are showed using the stick model.
4 © 2013 John Wiley & Sons Ltd
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Nevertheless, the proteins’ isoelectric points as well as their molec-
ular weights (Mw) (molecule adsorption on damaged hair increases
with decreasing Mw [21]) explain to some extent the differences in
attachment to hair between crystallins and BSA. Other hypothesis is
the innate ability of the Greek key motif to form stable multimolecu-
lar assemblies based on hydrophobic interactions [22]. Peptide
A B
C D
E F
G H
Figure 2 SEM micrographs of normal Asian virgin hair (A and B), over-bleached hair (C and D), overbleached hair treated with wild type crystallin (E and F)
and over-bleached hair treated with mutant crystallin (G and H).
© 2013 John Wiley & Sons Ltd 5
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hydrophobicity is a critical parameter for cosmetic efficacy, and this
peculiarity depends on its amino acid composition. The cD-crystallin
protein presents a hydrophobic interface [21], which is most likely
involved in the ligation of crystallins to the hair fibres.
To confirm crystallin penetration into the chemically damaged
hair, samples of treated hair fibres were imaged using a laser scan-
ning confocal microscope. 3D reconstructions are illustrated in
Fig. 4. Both crystallins besides forming a film on the top of the hair
fibre appear inside the fibre cortex. The impressive degree of pene-
tration is evident as the protein diffuses into the entire cortex. Hair
cuticle damage, with the appearance of cracks, holes and cuticle
lifting as result of bleaching, could explain the high degree of pene-
tration observed. These results suggest that the process of hair
damaging is also a determinant of crystallins attachment and con-
sequent diffusion.
Recovery of the mechanical properties of overbleached hair
Due to its intricate and unique structure, hair has remarkable
mechanical properties, and the measurement of these is one of the
simplest means of assessing the integrity and attributes of the
fibre. Indeed, the slightest modification in the chemical composi-
tion or structure of hair may greatly alter its mechanical proper-
ties [23].
After proving the affinity of wt and mut crystallins towards over-
bleached hair, we wanted to check their ability to recover or even
improve the mechanical properties of damaged hair. Young’s modu-
lus and tensile strength are important parameters to determine hair’s
resistance. In Fig. 5 are presented the Young’s modulus (A) and ten-
sile strength (B) for overbleached hair, virgin hair and overbleached
hair treated with both crystallins, BSA and with the protein buffer.
The repeated chemical bleaching treatments induced 22% of
resistance loss when compared with the virgin, unaltered hair,
measured in terms of Young’s modulus, whereas there was a
reduction in the hair fibres’ maximum strength in order of about
15%. Application of wt and mut crystallins resulted in the recovery
of hair’s mechanical properties in a magnitude of 50% in terms of
Young’s modulus and tensile strength. Indeed, the treatment of
overbleached hair with protein buffer solution did not show any
significant recovery of the mechanical properties, thus supporting
the role of crystallins. Moreover, a statistically significant improve-
ment in these features was noticed when both treatments are com-
pared with virgin hair, except for the tensile strength in the hair
fibres treated with 0.4 mg mL1 of wt crystallin.
A B
C D
Figure 3 Fluorescence images of human hair cross sections from unaltered Asian virgin hair (A), overbleached hair treated with bovine serum albumin
labelled with fluorescein 5(6)-isothiocyanate (FITC) (B), over-bleached hair treated with wild type crystallin labelled with FITC (C) and over-bleached hair trea-
ted with mutant crystallin labelled with FITC (D).
A B C
Figure 4 3D reconstruction from ‘IMARIS’ software of confocal microscopy of human hair cross sections. Over-bleached hair treated with mutant crystallin labelled
with fluorescein 5(6)-isothiocyanate (FITC) (A), over-bleached hair treated with wild type crystallin labelled with FITC (B) and unaltered Asian virgin hair (C).
6 © 2013 John Wiley & Sons Ltd
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The penetration of the proteins into the hair cortex (Fig. 4) and
consequent stabilization of keratins’ a-helix, giving this structure a
higher resistance to unfold during stretching, may explain the
improvement in the mechanical properties. Nevertheless, this process
is independent for higher protein concentrations since an increase in
concentration, from 0.2 to 0.4 mg mL1, did not result in an
increase in hair’s stiffness, indicating that protein penetration and
peptide penetration into the hair cortex are prone to saturation.
Regarding BSA, although it did not penetrate into the hair cor-
tex as crystallins, both Young’s modulus and tensile strength
results suggest its ability to recover hair resistance to values of the
same magnitude as for virgin hair.
Crystallins’ cytotoxic effect evaluation
When developing a new product that will contact with skin is of
the outmost importance to assess its cytotoxicity. It is assumed that
almost every substance that is placed on human skin has the
potential to produce physiological changes [24]. Thus, as the
crystallins are to be applied on human hair and would therefore
come into contact with the scalp, and even be adsorbed through it,
the biocompatibility was evaluated using human skin fibroblasts
in vitro (Fig. 6).
Some variations in cell viability are observed along time,
although none with statistical significance can be pointed out with
the exception of cells incubated with 26.4% (v/v) of buffer for 48
and 72 h.
Neither wt nor mut crystallins display any significant toxicity
throughout the experiment.
An increase in protein concentration seems to result in
decreased cell viability; however, the similarity of results between
crystallins and buffer clearly indicates that the reduction in viabil-
ity relates simply to the dilution factor introduced by the buffer in
which proteins are resuspended.
There is an inverse relation between the buffer concentration
and cell viability since an increase in buffer concentration, from
6.6 to 26.4% (v/v), results in decreased viability.
Evaluation of the inflammatory effect of crystallins
After measuring toxicity, the potential of both proteins for inducing
an immune response was also evaluated using the BJ-5ta cell line.
Fibroblasts have traditionally been associated with a structural
component mainly involved in the synthesis of extracellular matrix.
However, fibroblasts play an active role in modulating immune cell
behaviour by conditioning the local cellular and molecular milieu.
Fibroblast activation leads to the production of cytokines, chemo-
kines and prostanoids such as prostaglandin E2 [25]. IL-6 is one of
the pro-inflammatory factors produced by dermal fibroblasts in
response to stimuli. Measuring this cytokine after exposing dermal
A
B
Figure 5 Mechanical resistance parameters: (A) Young’s modulus and (B)
tensile strength of virgin hair, over-bleached hair (8xB), over-bleached hair
treated with 0.2 mg mL1 of wild type crystallin (Crys wt 0.2), over-
bleached hair treated with 0.2 mg mL1 of mutant crystallin (Crys mut
0.2), over-bleached hair treated with 0.4 mg ml1 of wild type crystallin
(Crys wt 0.4), over-bleached hair treated with 0.2 mg ml1 of BSA (BSA
0.2) and over-bleached hair treated with the protein’s buffer. Values are
mean  SD of three independent experiments. xP ≤ 0.05 when compared
with 8xB hair, /P ≤ 0.001 when compared with 8xB hair, aP ≤ 0.05 when
compared with virgin hair, cP ≤ 0.01 when compared with virgin hair and
*P ≤ 0.001 when compared with virgin hair, lP ≤ 0.001 when compared
with 8xB hair treated with the protein’s buffer.
Figure 6 BJ-5ta cell viability measured by MTT assay at 24, 48 and 72 h
of culture with three concentrations in mg ml1 of both crystallins and
three concentrations in% (v/v) of protein’s buffer. Cell viability (%) is pre-
sented for each condition and each time point. The data represent
mean  SD of three independent experiments, each with triplicates. Death
control (DC) refers to the control of minimum cell survival. The results were
compared with the control (NC): *P ≤ 0.05, **P ≤ 0.01.
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fibroblasts in vitro to crystalline proteins allows predicting the
immunogenic capability of these proteins if somehow they could be
absorb through the scalp. According to the results shown in
Table II, when compared with the positive control for an inflamma-
tion state of fibroblasts (in the presence of IL-1b), only mut crystal-
lin is able to trigger the production of significant amounts of IL-6
after 24 h of exposure. After 48 h, the IL-6 levels decreased for
fibroblasts exposed to the mut form, whereas for the wt, levels are
maintained. In both cases, the levels are slightly above the levels of
the negative control. Mutant crystallin proteins are much less sta-
ble than the wt, as seen by the visible protein aggregation in cul-
ture media (not shown). Similar to what happens to amyloid
proteins whose intermediate folding species are more cytotoxic than
the final protein aggregates [26], the mut crystallin may tran-
siently induce an inflammatory response during the process of
active aggregation where the reactive intermediate folding states
occur at higher levels. Wild-type crystallin does not significantly
trigger the pro-inflammatory cytokine IL-6 release by fibroblasts.
Conclusions
The present study intended to evaluate the potential of protein-
based formulations as restorative hair care products. The wild-
type and the mutant crystallins were able to restore and improve
the mechanical properties of overbleached hair to values higher
than the ones displayed by virgin, unaltered hair. Both proteins
deposit and strongly bind to the damaged hair. Moreover, the
two crystallins were capable of penetrating into the fibre cortex,
a condition that seems essential for the improvement of the
mechanical properties when compared with the virgin hair refer-
ence values. This condition was supported by the treatment with
BSA, since this protein was not able to penetrate into the cortex,
and thus, its action was limited to the recovery of the mechani-
cal properties. Most likely the proteins size, the net charge and
structure are key factors for the inability to bind and/or penetrate
into the hair fibres.
The cytotoxic studies demonstrate that the two crystallins, at
the tested concentrations, do not affect cells viability. The in vitro
observed cytotoxicity is not an issue for the application in hair
since the effect of medium dilution is not a determinant in a cos-
metic application.
Although the two tested crystallins present similar results
regarding the recovery/improvement of the mechanical properties
and cytotoxicity, the wild-type crystallin is the best suited for a cos-
metic application since the mutant crystallin displayed an inflam-
matory response on fibroblasts. The process of active aggregation of
the mutant crystallin is most likely responsible for the inflamma-
tory process. Also this aggregation process possibly influenced the
protein imaging properties as the wild-type crystallin tends to
deposit uniformly on the hair fibre, flattening the cuticle scales
against each other, whereas the mutant crystallin forms small
aggregates on the cuticles edges.
The cD-crystallin proved to be an excellent candidate for a new
restorative hair care product, opening new perspectives for other
proteins belonging to the superfamily characterized structurally by
the Greek key motif to be used in hair cosmetics.
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